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We describe a novel lipothrixvirus, SIFV, of the crenarchaeotal archaeon Sulfolobus islandicus. SIFV (S. islandicus
filamentous virus) has a linear virion with a linear double-stranded DNA genome. These two features coincide in several
crenarchaeotal but not in any other viruses. The SIFV core is formed by a zipper-like array of DNA-associated protein
subunits and is covered by a lipid envelope containing host lipids. We sequenced ;96% of the virus genome excepting the
DNA termini, which were modified in an unusual, yet uncharacterized, manner. Both, the 59 and the 39 DNA termini were
insensitive to enzymatic degradation and labelling. Two open reading frames (ORFs) of the SIFV genome are likely to encode
helicases and resemble uncharacterized ORFs from other archaea in sequence. Three ORFs showed sequence similarity
with each other and each contained a glycosyl transferase motif. Another ORF of the SIFV genome showed significant
sequence similarity to the ORF a291 from the well characterized, spindle-shaped Sulfolobus virus SSV1. Due to its structure,
SIFV is classified as a lipothrixvirus. © 2000 Academic Press
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Viruses and other extrachromosomal genetic ele-
ments have been helpful in understanding gene expres-
sion including its control (e.g., Reiter et al., 1988a,b). They
have also been a source for novel enzymes used in
biotechnology, e.g., the bacteriophage T4 DNA ligase
(Weiss et al., 1968) and have been utilized for the devel-
opment of transforming vectors, e.g., l- or M13-based
ectors (Frischauf et al., 1983; Misra 1987), as well. Com-
arative investigation of viruses from all three domains of
ife should also be helpful in a better understanding of
irus genesis and evolution.
In contrast to the large number of known viruses of
acteria and Eucarya, only ;35 viruses have so far been
ound in Archaea, and few of these have been studied in
some detail (reviewed in Reiter et al., 1988c; Zillig et al.,
1988; Arnold et al., 1999). About half of the known archaeal
viruses infect members of the Euryarchaeota, the other
archaeal kingdom beside the Crenarchaeota. All of these
viruses share their morphology and their genome type
(linear and double-stranded DNA) with bacterial head-and-
tail phages of the virus families Myoviridae or Siphoviridae.
The other two viruses are the spindle-shaped virus-like
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252particle of Methanococcus voltae (Wood et al., 1989) and
the lemon-shaped halophage His1 (Bath and Dyall-Smith
1998), which resemble SSV1 of Sulfolobus shibatae in
shape. In contrast, all known viruses of crenarchaeota are
unique in structure and nature of their genomes (reviewed
in Reiter et al., 1988c; Zillig et al., 1988, 1998). To classify
hem, several novel virus families had to be introduced: the
ipothrixviridae comprising TTV1, TTV2, TTV3 of Thermo-
roteus tenax (Janekovic et al., 1983) and DAFV of Desul-
urolobus (Acidianus) ambivalens (Zillig et al., 1994), the
udiviridae represented by SIRV1 and SIRV2 from Icelandic
ulfolobus isolates (Zillig et al., 1994, 1996; Prangishvili et
al., 1999) and by TTV4 of T. tenax (Reiter et al., 1988c; Zillig
et al., 1988) and the Fuselloviridae containing SSV1 of Sul-
olobus shibatae (reviewed in Zillig et al., 1996). The droplet-
shaped SNDV of a Sulfolobus sp. from New Zealand (Zillig
et al., 1996) has not yet been assigned to a family but to a
floating genus termed Guttavirus.
Here we describe the novel lipothrixvirus SIFV that has
been morphologically characterized in detail. After SSV1
and TTV1, it is the third virus of a crenarchaeon charac-
terized in detail and sequenced.
RESULTS
Virus shape and hosts
SIFV was discovered via a standard screening proce-
dure to detect extrachromosomal genetic elements in
Sulfolobus strains (see Materials and Methods). The
culture supernatant of the Sulfolobus isolate HVE11/2
nificati
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253SULFOLOBUS HAS A NOVEL LIPOTHRIXVIRUSfrom solfataric field near Hveragerdi in Iceland contained
flexible, filamentous particles measuring 1.98 mm
(62.8%) in length and 24 nm (67.5%) in width (Fig. 1). At
their termini the filaments tapered. They ended with
mop-like structures in which six tail fibers were attached
to a terminal thickening. The tail fibers were angled rods
formed by two legs of about equal lengths. These rods
measured 28 nm in length. The infectious nature of the
particles was demonstrated by the ability of a virus
suspension to produce plaques on Sulfolobus indicator
lawns. The strain HVE10/4, which was isolated from the
same solfataric field as the natural host HVE11/2, was
used as indicator strain. The plaques were small, ;0.1–
0.5 mm in diameter but clear and with defined edges.
The host range of SIFV seemed to be limited to a few
Sulfolobus isolates of the “islandicus” type (Zillig et al.,
1994). Three of 10 strains from Iceland were sensitive
hosts in spot assays, but Sulfolobus solfataricus was not.
Virus–host relationship
Infection with SIFV did not cause lysis of the host cells.
FIG. 1. Electronmicrographs of SIFV particles. Overall view (A), mag
cetate.Neither significant amounts of cell debris nor a decrease
in the cell density of infected host cultures were ob-served. Furthermore infected host cells produced halos
with central growth when spotted onto an indicator lawn.
Upon infection in single-step growth experiments, cul-
tures were inhibited in their growth but surmounted this
inhibition ;30–35 h p.i. and finally reached the same cell
density of ;8.0 3 108 cells/ml as the uninfected control
culture (data not shown). Virus started to be released
;6–8 h after infection coinciding with growth inhibition of
the virus producing culture (Fig. 2). Mature virions were
assembled within the host cell lumen before release
(Fig. 3). The final virus titer of infected cultures in the
stationary growth phase was 3.0 3 109 pfu/ml. Upon
repeated transfer of an infected HVE10/4 culture into
fresh medium in the stationary growth phase (dilution
1:25), the content of viral DNA in total DNA faded pro-
gressively. After several transfers the viral DNA could
finally not be detected any more by the Southern DNA–
DNA hybridization reaction with labeled SIFV DNA as
probe. In cross-hybridization reactions between labeled
SIFV DNA and chromosomal DNA of the infected host
HVE10/4 no additional hybridizing DNA fragments were
on of a terminal mop (B). All specimens were stained with 2% uranylobserved in comparison to the restriction pattern of the
viral DNA. Thus the viral DNA did not integrate into the
nfectio
254 ARNOLD ET AL.host chromosome (data not shown). Due to all these
observations SIFV persisted in the host in an unstable
carrier state.
Because the virus particles attached via their ends to
membrane vesicles (Fig. 4B) and not to S-layer sacculi
(Fig. 4A) from HVE10/4 cells the viral receptor is located
FIG. 2. Virus propagation and growth inhibition after iFIG. 3. Infected HVE10/4 cell releasing mature virions.within the host membrane. Two different conformations
of the tail fibers were observed: in purified virus prepa-
rations they were closely nestled against the centers of
the mops like the legs of a spider (Figs. 4C and 4E,
closed form), but after incubation with host membrane
vesicles, they were spread out (Figs. 4D and 4E, open
form). Incubation of SIFV with membrane vesicles of the
S. islandicus strain LAL14/1, which was no host of SIFV in
plaque assays did not have the same effect on the
conformation of the SIFV tail fibers. Therefore it is likely
that the observed change in conformation is an initial
phase of the natural infection.
Protein components
According to SDS–PAGE of virus particles followed by
Coomassie staining, the virus consists of at least six
different proteins: two major components of 17 and 25
kDa present in equal amounts and four minor proteins
ranging from 40 to 50 kDa. The two major proteins, HP1
and HP2, were N-terminally sequenced, and the corre-
sponding genes were detected among the ORFs (00035
and 00034) deduced from the viral DNA sequence (see
below). Following the sequence data, the molecular
weights of the proteins were calculated to be 18.7 (HP1)
and 22.4 kDa (HP2). Their theoretical isoelectric points,
9.9 and 9.3, suggest that both proteins are basic. In both
genes, codons harboring guanosine or cytosine are
clearly discriminated against, e.g., of six possible serine
n of HVE10/4 at a m.o.i. (multiplicily of infection) of 3.codons, AGT, AGC, TCA, TCT, TCG, and TCC, the two
latter are not used in agreement with the low G1C
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255SULFOLOBUS HAS A NOVEL LIPOTHRIXVIRUScontent of the virus genome, 33.3%, and the genome of
the host Sulfolobus, ;38%, (Zillig et al., 1980).
DNA
In CsCl buoyant density gradients loaded with the total
DNA of infected host cells, no cccDNA (covalently closed
circular DNA) was observed. Viral DNA extracted from
virions was sensitive to type II restriction enzymes. The
viral genome thus consists of linear and double-stranded
DNA. Restriction mapping revealed a genome length of
;42.8 kb. Attempts to degrade the DNA with Bal 31
9-exonuclease and l 59-exonuclease failed as well as
FIG. 4. Virus particles incubated with S-layer sacculi (A) and membr
conformation (C) and after incubation with host membrane vesicles (Dttempts to label the DNA with terminal transferase or T4
olynucleotidekinase (data not shown). The insensitivity
H
sf SIFV DNA to Bal 31 exonucleolytic degradation ap-
pears to exclude the possibility that the DNA termini form
hairpins like the DNA of the eukaryal Chlorella virus
BCV-1 (Rohozinski et al., 1989). Bal 31 exonuclease
egrades such DNA via its endonucleolytic 59 activity at
he single-stranded DNA regions within the hairpin loops
reating free 39 OH as target for the 39 degrading exo-
ucleotlytic activity of this enzyme (Zhou and Grey 1990).
roteolytic treatment of the viral DNA did not lead to a
hange in the restriction pattern. Proteins covalently
ound to the DNA termini were not detected in viral DNA
y scanning tunnelling electron microscopy (Manfred
rivatives (B) of Sulfolobus sp. strain HVE10/4. Tail fibers in their native
chematic drawing of this conformational change.eim, personal communication), and the DNA termini
howed no hydrophobic characteristics upon phenol ex-
.3% Trit
256 ARNOLD ET AL.traction of restriction digests (see Vartapetian and Bog-
danov 1987). Taken together, these observations suggest
that the DNA termini are not covalently attached to viral
proteins.
Virus structure
The virus core is covered by an envelope that could be
dissolved by treatment with 0.3% Triton X-100. When
disintegrated in this way, the envelope formed charac-
teristic loops and hollow filamentous vesicles with blind
ends and/or with tail fibers at their ends (Fig. 5), indicat-
ing that the mops form the termini of the viral envelope.
After a short incubation (#1 min) in 0.3% Triton X-100
envelope filaments were observed that were several
times longer than intact particles documenting the ability
of the envelope components to self-assemble. Such en-
velope filaments did usually not end with mops.
Thin-layer chromatography of chloroform/methanol ex-
tracts of SIFV particles revealed that the viral envelope
contained phospholipids the chromatogram of which re-
sembled that of the host lipids prepared in the same way
(Fig. 6). Except for one band, counterparts of all viral lipid
bands were found in the host lipid chromatogram indi-
cating that the SIFV lipids derived from the host lipid
pool. One of the host phospholipids was present in
FIG. 5. (A) Formation of loops (arrow) during the disintegration of th
Hollow envelope filaments formed by treatment of SIFV particles with 0
Bars, 100 nm.larger amounts after infection with SIFV. The virus used
for lipid analysis was purified by CsCl buoyant densitycentrifugation and did not show a contamination by cell
debris, e.g., membrane vesicles. The possibility that the
extracted lipid was derived from such contaminations is
therefore excluded.
No protein component could be detected in SIFV en-
velope fractions by SDS–PAGE followed by Coomassie
staining. However, SIFV particles were sensitive to pro-
teolytic degradation with proteinase K, indicating that the
envelope probably contained an integral protein compo-
nent in small amounts. The terminal mops that appeared
to be an integral part of the envelope (see above) were
also dissolved by proteolytic treatment. But in contrast to
the hollow envelope filaments, they were not dissolved
by 0.3% Triton X-100 even after prolonged treatment (3
min). Therefore the tail fibers should (mainly) consist of
proteins. By incubation in Triton X-100 the mops could be
freed of envelope filaments and were then isolated to-
gether with the virus core in CsCl gradients.
Centrifugation of SIFV particles in a continuous CsCl
density gradient containing 0.05% sodium lauroylsar-
cosine led to the isolation of a virus core fraction with a
buoyant density of 1.34 g/ml, which was contaminated
with separate mops as minor component. In the electron
microscope, the core exhibited either a zipper- or a
brush-like pattern (Fig. 7). Computerized three-dimen-
envelope by detergents. Short hollow filament with two mops (M). (B)
on X-100 and isolated by CsCl buoyant density gradient centrifugation.e viralsional reconstructions of the SIFV core depicted two
stacks of doughnut-like subunits. In each stack, the sub-
p
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257SULFOLOBUS HAS A NOVEL LIPOTHRIXVIRUSunits were aligned in a row parallel to each other, but the
sagittal planes through the centers of the subunits of
either row formed an angle of 30°. The subunits had a
calculated mass of 77 kDa and a diameter of 8 nm. The
distance between the centers of two neighboring sub-
units in the stacks was 5 nm. The virus core showed the
brush-like pattern when the subunits of one row were
looked at perpendicular to their rims and a zipper-like
form when both rows were looked at in the same angle.
Each subunit seemed to be bridged to the proceeding
subunit in the other stack by its upper rim and to the
following subunit in the other stack by its bottom rim.
Because the virus core measured 8 3 16 nm and was
evenly covered by a 4-nm-thick envelope, SIFV has not a
circular but an elliptic cross section as also shown by the
electron tomographical analysis of a tilt series of images
of intact particles (data not shown).
The SDS–PAGE pattern of a purified core fraction was
FIG. 6. Thin layer chromatogram of phospholipids extracted from
SIFV particles (1) and HVE10/4 membrane vesicles from uninfected (3)
and infected (4) cells. (2) mixture of (1) and (3). The arrows indicate a
virus-specific band. Open circles indicate a host lipid amplified in
infected cells.identical to that of intact SIFV particles but exhibited
strongly reduced amounts of the minor bands (data notshown) that were apparently derived from the mop con-
tamination (see above). This indicated that the core was
formed by the two major proteins HP1 and HP2 being
associated with the viral DNA that could be isolated from
the core by phenol extraction. Upon incubation in 0.1%
SDS, the core was disintegrated forming a filamentous,
structure which—because of its thickness—was rather
the relaxed protein–DNA complex than the naked virus
DNA (data not shown).
Genome organization
A total of 40266 bp of the SIFV genome have been
sequenced (sequence accessible under http://www.
tigr.org//tdb/tdb.html). The sequence lacks the DNA ter-
mini, which were not subcloned due to their enzymatic
inaccessibility. The physical restriction map corre-
sponded to the sequence. The average ratio between the
sizes of the fragments deduced from the sequence and
the fragment sizes yielded by enzymatic cleavage was
0.97. If the differences between the lengths of the termi-
nal fragments of the sequence-deduced map and the
physical map are multiplied by that factor the unse-
quenced genome termini should be 600 and 200 bp.
Thus the total genome length is ;41,050 bp. One end of
the genome sequence terminates in the sixth copy of a
26-bp-long direct repeat ACGACGTATCCGTGTCTAAT-
ACGTTA. The genome is densely covered by open read-
ing frames (ORFs) with the arrangements of many of
these in the same reading directions, suggesting that
they form transcription units (Fig. 8). For example, 12
adjacent ORFs each harbouring $100 amino-acids com-
prised about one-fourth of the genome length between
positions 25,000 and 35,000. The average ORF length is
497 bp. Coding sequence covers 89.8% of the genome.
The genes encoding the two major proteins were located
in the same reading direction in a tandem array in which
the gene of HP1 (ORF00035) immediately followed that of
HP2 (ORF00034). An archaeal box A consensus motif
(Reiter et al., 1990; Hain et al., 1992) was found only in the
utative promotor site of the HP2 gene, whereas a pu-
ative archaeal transcription termination signal contain-
ng the consensus motif TTTTTYT (Reiter et al., 1988b)
was found only downstream of the HP1 gene. These
observations suggest that both genes are transcribed as
a polycistronic mRNA and are also coordinately trans-
lated as indicated by the equimolar amounts of both
proteins detected in SDS–PAGE. Interestingly, there is
another transcription termination motif located between
the archaeal box A element and the putative transcrip-
tion start site of the HP2 gene promoter site. A similar
arrangement of a promoter and a terminator has been
found immediately upstream of the transcript T9 of the
Sulfolobus virus SSV1 (Reiter et al., 1988b).Two ORFs of the SIFV genome, 00007 and 00022,
contained the motifs typical for ATP-dependent helicases
258 ARNOLD ET AL.FIG. 7. (A) Electronmicrograph of the SIFV virus core demonstrating the zipper like (z) and the brush like (b) array of the core subunits. Bar
represents 100 nm. (B and C) Computerized three-dimensional reconstruction of the SIFV core viewed at an angle of 30° (B) and lateral view (C).
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259SULFOLOBUS HAS A NOVEL LIPOTHRIXVIRUS(Gorbalenya et al., 1989) including an ATP binding motif
the so-called P-loop), a DEXH box, and a HXXGRXXR
otif. The latter two of these are the typical features of
he non-DEAD helicases of the superfamily II. Figure 9
hows alignments of ORF 00007 and ORF 00022 to such
nown and putative helicases. The best matches were
rchaeal ORFs resembling known helicases from eu-
arya and bacteria. However, the similarity to eukaryal
elicases was larger than to the bacterial sequences.
RF 00007 and ORF 00022 showed higher sequence
imilarity to other archaeal and eukaryal ORFs and heli-
ases than to each other and thus have probably not
risen by gene duplication.
Another sequence similarity was found between ORF
0029 of SIFV and ORF a291 of the Sulfolobus virus SSV1
Martin et al., 1984; Palm et al., 1991). The function of ORF
291 is unknown. Both ORFs share 25% amino-acid iden-
ity and 61% amino-acid similarity in an overlap of 180
mino acid residues (Fig. 9C). Three ORFs of the SIFV
enome, 00041, 00048, and 00063, revealed a sequence
imilarity of ;50% to each other (see http://www.tigr.org/
db/tdb.html). Databank searches showed all three ORFs
o be most similar to bacterial and archaeal mannosyl
ransferases and contained a motif reported to be typical
or Group 1 glycosyl transferases (Accession No.
F00534, Bateman et al., 1999, http://www.sanger.ac.uk/
oftware/Pfam/). Members of this protein family transfer
ctivated sugars to a variety of substrates, e.g., glycogen
nd lipopolysaccharides.
No significant sequence similarities were detected for
he two core proteins HP1 and HP2, which were also not
imilar to each other. The almost entirely sequenced
FIG. 8. Linear representation of the SIFV genome. The locations o
direction of transcription for each predicted coding region. ORFs with s
as conserved hypothetical (see Riley 1993). The genome data, the dedu
banks are accessible under http://www.tigr.org/tdb/tdb.html in the inteenome of another crenarchaeotal lipothrixvirus, TTV1
Accession No. X14855, Neumann 1988), did not revealny significant similarities to the SIFV genome. However,
he Southern DNA–DNA hybridization of genomic DNA of
he lipothrixvirus DAFV of Acidianus (formerly Desulfu-
rolobus) ambivalens (Zillig et al., 1994) with labeled SIFV
DNA revealed weak, but significant cross-reaction (data
not shown), indicating a genetic relationship between
these two viruses of Sulfolobales. DAFV strongly resem-
bles SIFV in shape and SDS–PAGE protein profile (Zillig
et al., 1994).
DISCUSSION
SIFV exhibits a unique combination of morphological
and genetic features with no counterparts among other
viruses. Due to its flexible and filamentous virion con-
sisting of a genome of linear double-stranded DNA, a
core and a lipid-containing coat it has been assigned to
the Lipothrixviridae.
The molecular weight of one doughnut-shaped core
subunit was estimated from the volume in the three-
dimensional reconstruction to be ;80 kDa, correspond-
ing to twice the sum of the molecular weights of the two
major proteins which is 41 kDa. Therefore it is tempting
to speculate that one core subunit consists of a het-
erotetramer of the two major proteins containing two
copies of each. The high theoretical isoelectric points of
the two major proteins point to their putative function as
DNA binding proteins. We propose a schematic model of
the virus core structure (Fig. 10) in which the viral DNA is
wrapped around the periphery of the protein subunits as
a superhelix forming the bridges between the subunits
that were observed in the three-dimensional reconstruc-
predicted protein-coding region are indicated. Arrows represent the
nt sequence similarities to ORFs or proteins in databanks are pointed
Fs and the results of the screening of these ORFs against public dataf each
ignification of the SIFV core (see above). Therefore the inner
virion core would be a massive protein body. This is an
260 ARNOLD ET AL.
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261SULFOLOBUS HAS A NOVEL LIPOTHRIXVIRUSunusual structure because in all of the characterized
linear viruses with linear genomes, including the crenar-
chaeal Thermoproteus virus TTV1 (Rettenberger 1990;
anekovic et al., 1983), the Sulfolobus virus SIRV2
Prangishvili et al., 1999), and the eucaryal tobacco mo-
aic virus (reviewed in Francki et al., 1985), the complex
f the linear nucleic acids and the DNA binding proteins
s itself a superhelix wound around a central cavity. The
epeating structural period of the SIFV core is 5 nm
ontaining two adjacent doughnut-shaped subunits, one
rom each row. The ratio of the lengths of the genomic
atson-Crick-DNA in B conformation, and the SIFV par-
icle yields a DNA condensation factor of 7.5, which
orresponds to 11 turns of B-DNA per one pair of protein
ubunits. The condensation factor of the DNA packaged
n helically wound virus cores with a central cavity is
arger than that of the SIFV core, e.g., 13.3 in TTV1
Rettenberger 1990) and 12.7 in the rod-shaped enve-
ope-less SIRV (unpublished results). The DNA in the
IFV core may be arranged in a similar manner as in
ucleosomes in which histones bind DNA at the nucleo-
ome periphery such that a compact protein core is
ormed (for review, see Kornberg and Klug 1981). How-
ver, no significant sequence similarity was observed
etween the two viral major proteins of the SIFV core and
istones of archaea, which are homologous to those of
ucarya (reviewed in Grayling et al., 1996), suggesting
hat this observed structural similarity might be due to
onvergence.
The core of SIFV is covered by an envelope containing
hospholipids that are derived from the host pool. The
omposition of these viral lipids differs from that of the
FIG. 9. Results of the alignments of SIFV ORFs to archaeal and euca
yrococcus horikoshi (Accession Nos. BAA30383 and BAA29112), A
ccession No. AAB85310), and the HFM1 protein from Saccharomyces
horikoshi (Accession No. BAA29536), AE001080 from Archaeoglobu
alobacterium sp. NRC-1 (DasSarma et al., 1987, Accession No. AAC82
990, Accession No. NP-000113). In (A) and (B), the seven motifs of the n
FIG. 10. Schematic model of the virion structure.re marked by bars with Roman numbers. (C) ORF 00029 aligned to ORF a291 fr
esidues identical to those in the SIFV ORFs are shaded in black, those whiost membrane, both quantitatively and qualitatively. Dif-
erences in the proportion of host-derived lipids in the
nvelope of bacteriophages and the host membrane are
nown (for review, see Mindich and Bamford 1988). One
irus-specific phospholipid was detected, indicating that
he virus-encoded enzymatic apparatus might be able to
odify host lipids. The three ORFs, 00041, 00048, and
0063, that share significant sequence similarity to each
ther and carry the gylcosyl transferase motif (see be-
ow) could play a role in the synthesis of the viral coat
ipids because such enzymes are known to transfer ac-
ivated sugars to a variety of substrates, including lipo-
olysaccharide. For example, the rfbU gene of Salmo-
ella typhimurium encodes a putative mannosyl trans-
erase and is part of the rfb gene cluster encoding 16
RFs, which are all involved in the expression of a
ipopolysaccharide, the O antigen (Jiang et al., 1991).
herefore it is possible that these three SIFV ORFs mod-
fy host lipids. Furthermore the different strength of one
and of the phospholipid patterns in infected and unin-
ected cells indicates an influence of the virus on the
ost lipid composition (Fig. 6).
Upon treatment with detergents particles of the Ther-
oproteus virus TTV1 release hollow envelope filaments
Janekovic et al., 1983), which remarkably resemble in
hape and density (;1.27 g/ml) the SIFV envelope fila-
ents formed under similar conditions. These TTV1 en-
elope filaments have also been shown to contain lipids
erived from the host pool (Rettenberger, 1990). As
hown by SDS–PAGE, the TTV1 envelope contains virus-
ncoded protein in addition. In contrast, in the SIFV
nvelope no protein component has been directly de-
ected in this way although the SIFV coat disintegrated
pon protease treatment leading to the release of virus
ore. This is, however, the only indication of the possible
ccurrence of a minor protein component in the SIFV
nvelope. But how are the lipid containing virions gen-
rated? It could be shown that mature SIFV particles
ssemble in the host cell lumen (Fig. 3) like TTV1 virions
Janekovic et al., 1983). Therefore SIFV particles could be
roduced in a similar way as the virions of the bacterial
NA phage w6, which carries an envelope consisting of
iral proteins and host membrane-derived lipids. The w6
particles are formed by the help of nonstructural, virus-
encoded morphogenetic proteins that are essential for
the assembly of the virus envelope by interaction with
tches. (A) ORF 00007 aligned to the two AP000005 and AP000001 from
8 from Methanobacterium thermoautotrophicum, (Smith et al., 1997,
iae (Accession No. P51979). (B) ORF 00022 aligned to AP000002 from
dus (Klenk et al., 1997, Accession No. AAB90879), ORF H1047 from
nd the Xeroderma pigmentosum group B protein ERCC3 (Weeda et al.,
D helicases of the superfamily II according to Gorbalenya et al. (1989)ryal ma
E00085
cerevis
s fulgi
877), a
on DEAom the Sulfolobus virus SSV1 (Palm et al., 1991, Accession No. P20197).
ch are similar in gray.
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262 ARNOLD ET AL.lipids in the host membrane. The mature virions are
formed in the host cell lumen and released after lysis (for
review, see Mindich and Bramford 1988). Beside SIFV
and TTV1, the virions of another lipothrixvirus, the Acidi-
anus virus DAFV, which is obviously very similar to SIFV
(see below), are assembled within the host cell lumen
before release (Zillig et al., 1986) rather than being
wrapped into their membranes during the extrusion from
their host cells.
Because of their shapes, their double-stranded linear
DNA genomes, and their lipid containing envelopes,
SIFV and TTV1 belong to the virus family Lipothrixviridae.
But the differences in the morphology of their cores—
which might be the reason for the substantially greater
flexibility of SIFV particles—suggest that they constitute
two different subfamilies. This is confirmed by the lack of
significant sequence similarity between their genomes.
Two other lipothrixviruses, the T. tenax viruses TTV2 and
TTV3 (Janekovic et al. 1983), which resemble SIFV in
shape and length have not been characterized in detail.
But they should constitute a common subfamily together
with SIFV and DAFV, both of which are identical in par-
ticle shape and show a similar protein profile (Zillig et al.,
1994) and a weak, but significant, DNA–DNA cross-hy-
bridization reaction. Astonishingly, there exists a remark-
able sequence similarity between several ORFs of SIFV
and the rudivirus SIRV1 (H. Blum, personal communica-
tion) though both viruses have an obviously different
morphology and thus have been assigned to different
virus families. For example, one pair of ORFs shows a
sequence similarity of 88%. The host ranges of SIFV and
SIRV overlap. Both viruses infect, e.g., the Sulfolobus
strain HVE10/4. In contrast, the hosts of SIFV and TTV1
belong to different orders of the Crenarchaeota, Sul-
folobales, and Thermoproteales. The observed sequence
similarities between certain ORFs of SIFV and SIRV
might thus have resulted from recombination between
the virus genomes or of both virus genomes with the host
chromosome. Another difference between SIFV and
TTV1 is the nature of their DNA termini. The DNA of
neither virus could be 59 labeled with 32P by polynucle-
tide kinase, but only the DNA termini of TTV1 proved to
e hydrophobic upon phenol extraction (Neumann 1988).
n contrast, the SIFV DNA termini are uniquely modified.
hus SIFV DNA could neither be degraded from the 59
or from the 39 ends. The nature of this modification is
nclear. The insensitivity of the SIFV DNA termini to
egradation with Bal 31 exonuclease appears to exclude
he existence of covalently closed ends as found in the
ulfolobus virus SIRV (H. Blum, personal communication)
nd the eukaryal virus PBCV-1 (Rohozinski et al., 1989).
he further analysis and comparison of the genomes of
IRV and SIFV may give insights into the phylogeny of
hese archaeal viruses.
b
(MATERIALS AND METHODS
etection and isolation of SIFV
Cultures of Sulfolobus strains isolated from Icelandic
solfataric field samples (Zillig et al., 1994) were screened
or the presence of extrachromosomal genetic elements.
n a first step, such elements were detected as promi-
ent DNA bands on agarose gel electrophoresis of re-
triction digests of DNA extracted from Sulfolobus cul-
ures. The supernatants of suspicious cultures were
hecked for the presence of virus particles in the elec-
ron microscope. By this standard screening routine,
IFV was detected in the Sulfolobus strain HVE11/2,
hich had been isolated as a single-colony clone from
n enrichment culture of a field sample taken at a sol-
ataric field at Hveragerdi in southwest Iceland. To obtain
arge amounts of SIFV, the laboratory host HVE10/4, a S.
slandicus strain that was isolated from the same loca-
ion as the natural host but contains no obvious extra-
hromosomal element was first cultivated in 25 ml me-
ium as described in Zillig et al. (1994) containing 0.05%
east extract, 0.1% tryptone, and 0.2% sucrose and then
nfected with SIFV at a m.o.i. of 5 in the exponential
rowth phase. After 2–3 days, this primary culture was
dded to 500 ml of growing HVE10/4 cells again in
xponential growth phase. After several days, the culture
as harvested and the cells were removed by low-speed
entrifugation (6000 rpm in a Beckman JA10 rotor). Virus
articles were precipitated from the supernatant by the
ddition of NaCl to 1 M and polyethylene glycol 6000 to
0% (w/v) and incubation overnight at 4°C. The sediment
as collected by centrifugation in a Beckmann JA14 rotor
t 10,000 rpm for 10 min, well drained, and resuspended
n TE buffer (10 mM Tris, 1 mM EDTA, pH 7.4). Cell debris
as pelleted by centrifugation at 6000 rpm for 10 min in
Junior Christ centrifuge. The supernatant was kept and
he pellet extracted two more times this way with re-
uced volumes of TE. The supernatants containing virus
articles and reduced amounts of cell debris were
ooled. SIFV particles were purified from this suspen-
ion via centrifugation in a CsCl bouyant density gradient
0.4 g/ml) in a Beckman sw 55 ti rotor at 55000 rpm for 2
ays. The fractions were isolated with a syringe and
ere dialyzed against TE overnight and checked in the
lectron microscope for the presence of virus particles.
edium and plates
All media were based on glycine buffered (0.7 g/l, pH
.0) 9K medium (Brierley and Brierley 1973) containing
.1% tryptone, 0.05% yeast extract, and 0.2% sucrose
w/v) as carbon source except for colony plating (Zillig et
l., 1994). The best colony plating efficiency was ob-
ained using the soft-layer technique and employing 0.2%
actotryptone as sole carbon source. Gellan gum K9A40
Gelrite, Kelco, San Diego) was used as gelling agent (10
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263SULFOLOBUS HAS A NOVEL LIPOTHRIXVIRUSg/l). Stabilizing amounts of Mg21 (10 mM) and Ca21 ions
(3 mM) were added before pouring the gels. Soft-layers
contained 2 g Gellan gum per liter without stabilizing
ions (Zillig et al., 1994).
SIFV plaque assay
Plaque assays were performed as described by Zillig
et al. (1994). The most sensitive lab host, the icelandic
Sulfolobus strain HVE10/4, produces an extracellular
polysaccharide matrix that causes the cells to stick to
one another and not to form even lawns. Therefore the
cells were passed through a 3-mm filter inoculation to
orm the indicator lawn. The best results were obtained
ith 100 ml of filtered and 10 times concentrated late
ogarithmic growth phase HVE10/4 cells in a total volume
f 1.8 ml soft-layer containing 0.2% gelrite. The plates
ontaining 0.1% tryptone, 0.05% yeast extract, and 0.2%
ucrose (w/v) were incubated #6 days at 80°C. Under
hese conditions, the small plaques were clearly visible.
lternatively virus-containing solutions were quickly
ested for their infectiosity by spotting onto an indicator
awn.
lectron microscopy/tomography and image
rocessing
For negative staining, a drop of the virus specimen
as placed on a carbon-coated copper grid that had
een hydrophilized in a Plasma Cleaner (Hattrick) for
0 s (setting: medium) before usage. The particles were
llowed to adsorb to the carbon for 1 min and the excess
iquid was removed with filter paper. A solution of 2%
ranyl acetate was added to the carbon grid for 20 s, the
xcess liquid was removed again. After the specimen
as air dried, it was examined in a Philips CM 12 mi-
roscope equipped with a LaB6 cathode. Alternatively
pecimens were observed in a Philips CM200FEG elec-
ron microscope. Images were recorded using a slow-
can CCD camera attached to the microscope. The mi-
roscope was operated at 120-kV accelerating voltage
nd 320,000 total magnification on the CCD camera. The
alibrated CCD pixel size referring to the specimen level
as 0.48 nm. For electron tomography, 57 images with
ample tilts in the range from 258° to 154°, 2° incre-
ent, were taken. Image processing was performed on a
ilicon Graphics Indigo workstation. Weighted back-
rojections were calculated by use of the EM program
ackage (Hegerl 1996). For isosurface representations,
he AVS software (Sheehan et al., 1996) was used.
issociation of virus particles into components
Virus particles purified in a CsCl buoyant density gra-
ient were incubated with 0.3% Triton X-100 in TE (pH 7.4)
or different time intervals, then immediately diluted in 5
l CsCl solution (0.4 g/ml) and centrifuged at 55,000 rpm
n a Beckman sw 55 ti rotor for 2 days. All gradientractions were isolated with a syringe, dialyzed against
E and analyzed in the electron microscope. Virus core
as isolated by centrifugation of virus in a continuous
sCl buoyant gradient in the presence of 0.1–0.3% Triton
-100 or 0.05% sodium lauroylsarcosine. Bands contain-
ng virus particles were sharp-edged and brown, those
ontaining virus core were opalescent.
ipid extraction
The cell pellet from 12 ml of a HVE10/4 culture (OD600
0.8) and 200 ml of purified virus suspension (3 3 1011
pfu/ml) were both dried in a Speed-Vac concentrator,
resuspended in 500 ml chloroform/methanol (1:1) and
onified in a Branson Cell Disruptor B12 (settings: micro
ip, pulsed, output control 6, 55% duty cycle, 2 min). After
ncubation for 5 h at 60°C undissolved components were
emoved by centrifugation. The supernatants were evap-
rated and the resulting dried extracts redissolved in 60
ml chloroform/methanol/H2O (65:24:4) and briefly incu-
ated at 60°C. The extracts were separated with chloro-
orm/methanol/H2O (65:24:4) by thin layer chromatogra-
phy using a Merck silica 60 plate. After the run, the plate
was dipped face-down in a solution of 100 ml 10% H2SO4
containing 5 g ammonium molybdate, excess moisture
was removed by wicking, and the plate was incubated at
140°C for 15 min. Phospholipids were visible as blue
bands.
Adsorption studies
Host membrane vesicles and S-layer sacculi were
produced according to Grogan (1996), and aliquots were
diluted in 200 ml standard growth medium lacking a
carbon source. Then virus particles were added and the
mixture was incubated at 80°C for 20 min. The samples
were prepared for electron microscopy as described
above.
Protein analysis
Proteins were analyzed in SDS–PAGE (Scha¨gger and
Jagow 1987) and stained with Coomassie Brilliant Blue
R-250 (Serva). The acrylamide concentration in the sep-
arating gel was 16%.
Enzymatic digestion and labelling of viral DNA
SIFV DNA was treated with Bal 31 39 exonuclease
(GIBCO BRL) and l 59 exonuclease (Pharmacia Biotech)
to check the enzymatic accessibility of the genome ter-
mini. To avoid unspecific digestion resulting from enzy-
matic activity at nicks, aliquots of SIFV DNA were incu-
bated with increasing amounts of the two exonucleases,
extracted with phenol, digested with the restriction en-
donucleases MluI and NcoI (MBI Fermentas) and sub-
jected to agarose gel electrophoresis. Specific terminal
digestion should be manifested in shifting and fading of
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264 ARNOLD ET AL.the bands of the terminal DNA fragments. In addition, T4
polynucleotidekinase (Pharmacia Biotech) was used for
attempts to label the 59termini with 32P (g-[32P]ATP from
Amersham) and terminal transferase (Boehringer Mann-
heim) to label 39ends with the DIG labelling and detec-
tion system (Boehringer Mannheim). These experiments
were performed due to producers instructions. Bacterio-
phage T7 DNA that has blunt ends was used as positive
control for the enzymatic digestion and linearized DNA of
the replicative form of the coliphage M13 as positive
control for the labeling experiments.
Hybridization reactions
Total DNA of the infected host and purified SIFV DNA
(positive control) were cleaved with EcoRI and subjected
to agarose gel electrophoresis. The bands were trans-
ferred onto a Biodyne B nylon membrane (Pall) as de-
scribed in Sambrook et al. (1989). Purified, EcoRI-cleaved
SIFV DNA (probe) was labeled using the DIG labelling
and detection kit from Boehringer Mannheim. Labelling,
hybridization, and detection reactions were performed
according to the manufacturer’s instructions using the
standard hybridization buffer containing 50% formamide.
The labeled DNA probe and the target DNA were hybrid-
ized overnight at 42°C. Stringent washing was performed
at 62°C for 20 min in 0.53 SSC (203 SSC: 175.3 g
sodium chloride and 88.2 g sodium citrate/l, pH 7.0)
containing 0.1% SDS.
Proteinase K treatment of SIFV particles
Thirty microliters of virus suspension (2 3 1011 pfu/ml)
were incubated with 2 mg proteinase K in 200 ml 1 mM
CaCl2 at 37°C for 2 h. Immediately after incubation the
sample was added to 5 ml CsCl2 solution (0.4 g/ml) for
he separation of virion fragments by a bouyant density
entrifugation as described above.
NA sequencing and genome analysis
Cloning, sequencing, and assembly were essentially
one as described previously for the random sequencing
f bacterial and archaeal genomes by TIGR (Klenk et al.,
997; Nelson et al., 1999). One small-insert plasmid li-
rary was generated by random mechanical shearing of
enomic DNA. Following genome assembly with the
IGR ASSEMBLER software, any remaining sequencing
aps were closed by editing the ends of sequence traces
nd/or primer walking on plasmid clones spanning the
espective gap. To further confirm the structure of the
ssembled linear chromosome, we compared a com-
uter generated restriction map based on the assembled
equence for the endonucleases BamHI, MluI, NcoI, PstI,
nd NheI with a physical map. The genome data, the
educed ORFs and the results of the screening of these
RFs against public data banks are accessible under
ttp://www.tigr.org/tdb/tdb.html in the internet.Gene data banks were screened (non redundancy
ode) for homologs to open reading frames (ORFs) of the
IFV genome with the programs FASTA (Pearson 1990) and
LAST (Altschul et al., 1990) available on the internet at the
eneStream network server at the IGH Montepellier
rance (http://genome.eerie.fr/.bin/fasta-guess.cgi) and at
CBI (http://www.ncbi.nlm.nih.gov/). Sequence analysis
as performed with the commercially available program
NAsis (Hitachi) and the program “ORF find” (also provided
y NCBI via internet, see above). Similar sequences were
ligned with Clustalw 1.6 available in the internet at EMBL
eidelberg (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/) and
aid out with Boxshade 3.21 provided by K. Hofmann and M.
aron (http://ulrec.unil/ch/software/BOX-from.html). Se-
uence alignments were corrected by hand.
rotein sequencing
Viral proteins were separated by SDS–PAGE analysis
nd transferred by Western blotting (Towbin et al., 1979;
urnette 1980) on PVDF membrane (Pall Biodyne). After
ransfer the proteins were stained with Coomassie, ex-
ised, and subjected to N-terminal sequencing. The pro-
ein sequences were determined by Josef Kellermann in
he Department of Friedrich Lottspeich at the Max-
lanck-Institute for Biochemistry in Martinsried, Ger-
any.
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